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High repetition pump-and-probe photoemission spectroscopy based on a
compact fiber laser system
Y. Ishida,1, a) T. Otsu,1 A. Ozawa,1, b) K. Yaji,1 S. Tani,1 S. Shin,1, 2 and Y. Kobayashi1,2
1)ISSP, University of Tokyo, Kashiwa-no-ha, Kashiwa, Chiba 277-8581, Japan
2)CREST, Japan Science and Technology Agency, Tokyo 102-0075, Japan
The paper describes a time-resolved photoemission (TRPES) apparatus equipped with a Yb-doped fiber laser
system delivering 1.2-eV pump and 5.9-eV probe pulses at the repetition rate of 95 MHz. Time and energy
resolutions are 11.3 meV and ∼310 fs, respectively; the latter is estimated by performing TRPES on a highly
oriented pyrolytic graphite (HOPG). The high repetition rate is suited for achieving high signal-to-noise ratio
in TRPES spectra, thereby facilitating investigations of ultrafast electronic dynamics in the low pump fluence
(p) region. TRPES of polycrystalline bismuth (Bi) at p as low as 30 nJ/mm2 is demonstrated. The laser
source is compact and is docked to an existing TRPES apparatus based on a 250-kHz Ti:sapphire laser system.
The 95-MHz system is less prone to space-charge broadening effects compared to the 250-kHz system, which
we explicitly show in a systematic probe-power dependency of the Fermi cutoff of polycrystalline gold. We
also describe that the TRPES response of an oriented Bi(111)/HOPG sample is useful for fine-tuning the
spatial overlap of the pump and probe beams even when p is as low as 30 nJ/mm2.
I. INTRODUCTION
A non-equilibrated state of matter triggered by an ul-
trashort light pulse is acquiring great interest from both
fundamental and application points of view1. The impact
by the pulse can induce a variety of phenomena includ-
ing coherent oscillations, ultrafast phase transitions, and
femtosecond laser ablations that are applicable to micro-
machining2, thin film growth3, and clinical surgery4. The
pulse may drive a solid state into warm-dense matter5–8,
the extreme temperature and pressure of which mimic
the conditions in the core of planets and stars9. The out-
of-equilibrium phenomena can be studied by femtosec-
ond pump-and-probe methods10, in which a probe pulse
snapshots the sample impacted by a pump pulse.
Time-resolved photoemission spectroscopy (TRPES)
has become a powerful tool to investigate the non-
equilibrium properties of solid state matter from an elec-
tronic perspective11–27. In TRPES, a probing pulse
has the photon energy that exceeds the work func-
tion, so that it can generate photoelectrons through
a one-photon process: The distribution of the pho-
toelectrons in energy and angle carries the informa-
tion of the electronic structures. Nowadays, the in-
vestigations are mostly done at the pump fluence p of
>10 µJ/cm2 based on Ti:sapphire pulsed lasers28 op-
erating at 100 - 104 kHz repetition. These include: ul-
trafast perturbation/melt of charge-density waves ac-
companying coherent oscillations29–34; ultrafast modifi-
cation35 and phase transition36,37 of correlated insula-
tors; investigations into graphene38,39, graphitic mate-
rials40–44, semiconductors45, and cuprate superconduc-
tors46–49; disclosure of novel states50,51, dynamics52–54,
and functions55,56 in topological insulators; and others35.
a)ishiday@issp.u-tokyo.ac.jp
b)Present address: Max Planck Institute of Quantum Optics, Hans-
Kopfermann-Str. 1, 85748 Garching, Germany
One of the natural pathways to understand the far-
from-equilibrium phenomena is to approach them from
the near-equilibrium, or mildly non-equilibrated states
induced by a weak pump pulse. Besides, dynamics in-
duced by a low pump fluence can be interesting on its
own57,58. In order to discern the small variations induced
by the low-fluence pump in TRPES, it becomes practical
to achieve higher repetition rate, or increase the number
of pump-probe events per unit time, and improve the
signal-to-noise ratio (S/N) of the dataset. Note, there
is a limit in improving S/N by increasing the probe in-
tensity. When too intense, the probe pulse generates a
bunch of photoelectrons that repel each other through
space-charge effects, thereby resulting in an undesired
broadening in their distribution.
Fiber lasers have emerged as a powerful high-repetition
femtosecond light source59–62. Optical fibers doped with
rare-earth ions can be a lasing medium63–67, and oscil-
lators made thereof can be mode locked68–72 to generate
pulses as short as sub-30 fs73,74 at the typical repeti-
tion rate higher than ∼20 MHz75. Amplification for gen-
erating high-photon-energy pulses can also be done by
doped fibers76–79 as well as by others such as external
cavities80–82. The amplified pulses can be strong enough
to be non-linearly converted up to 108 eV at 78 MHz81.
The fiber lasers thus foresee the high-repetition-rate ul-
trafast spectroscopy in the deep-to-extreme ultraviolet
region77–84; already, they have been nourishing the ultra-
fast spectroscopy in the low-photon-energy regions such
as THz85 and multi-photon-photoemission methods86.
Besides, fiber lasers are compact because of the flexibil-
ity, stable due to the all-solid nature, and cost effective
owing to the economics scale of the telecommunications
industry.
The paper describes what we believe is the first TR-
PES apparatus based on a fiber laser system. One of the
design concepts was to achieve a high repetition by utiliz-
ing Yb-doped fibers. We adopted a mode-locked Yb:fiber
oscillator and a Yb:fiber amplifier for generating 1.2-eV
2pump and 5.9-eV probe pulses at the 95-MHz repetition.
Non-linear crystals were used for generating the deep-
ultraviolet probe, so that the laser system is all solid in
nature. The repetition rate thus achieved is higher than
the ≤80 MHz of the Ti:sapphire-based TRPES appara-
tus20,52. In addition, the energy resolution of 11.3 meV is
comparable to 10.5 meV achieved in a 250-kHz TRPES
apparatus25,49 which took considerations into the uncer-
tainty principle; that is, to our knowledge, the Yb:fiber-
based apparatus is the second to demonstrate the sub-
20-meV resolution in TRPES. We show that the combi-
nation of the high repetition and high energy resolution
is advantageous in detecting the subtle spectral changes
induced by a weak pump fluence. Besides, the Yb:fiber
laser system is compact and transportable, so that it can
be easily installed into an existing TRPES apparatus, as
we shall demonstrate herein.
The paper is organized as follows. After the present
introduction (Section I), we describe the setup and per-
formance of the apparatus in Section II: The Yb:fiber
laser system is sketched in IIA; The energy (11.3 meV)
and time resolutions (<310 fs) are described in II B and
IIC, respectively. The mitigation of the space-charge ef-
fects is also described in II B. In Section III, we present
TRPES datasets of bismuth (Bi): TRPES at p as small as
30 nJ/mm2 is demonstrated in III A for a polycrystalline
Bi film; In III B, we show the results of a highly-oriented
Bi film grown on graphite, the pump-and-probe response
of which turned out to be useful for cross-correlating the
pump and probe beams in real time even at the low pump
fluence. Finally, discussions are presented in Section IV.
In Appendix A, we present discussions of the mirror-
charge effects that manifest when the fluence of the probe
is low; In Appendix B, we describe the method to fabri-
cate the highly-oriented Bi thin films.
II. SETUP AND SPECIFICATIONS
A. TrPES layout
The layout of the TRPES setup is sketched in Figure 1.
The laser system consists of an oscillator, an amplifier, a
compressor, a frequency converter, and a section where
the delay between the pump and probe pulses is con-
trolled.
The 95-MHz oscillator is a ring cavity composed of a
Yb-doped single-mode fiber pumped by a 976-nm diode
laser73. Mode locking occurs passively due to the non-
linear polarization evolution. A pair of gratings optimizes
the group-delay dispersion in the cavity. The oscillator
delivers pulses with a central wavelength of 1062 nm, a
bandwidth of 22 nm, and an average power of ∼20 mW.
The seeding pulses are amplified in a Yb-doped double-
clad fiber pumped by a 976-nm diode laser. Note, the
fiber amplification is done without any reduction in the
repetition rate, which is contrasted to the regenerative
amplifications often adopted in Ti:sapphire laser systems.
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FIG. 1. Schematic of the 95-MHz Yb:fiber laser based TR-
PES apparatus. LD: laser diode; WDM: wavelength division
multiplexer; PBS: polarized beam splitter; DM: dichroic mir-
ror; SMF: single-mode fiber; DCF: double-clad fiber; TrG:
transmission gratings; λ/2 and λ/4: half and quarter wave
plates, respectively.
We amplify the seed up to ∼3 W, or up to ∼30 nJ/pulse,
in order to generate sufficiently high flux of the fifth-
harmonics probe; see later. The amplified output is then
compressed by using a pair of transmission gratings.
The amplified-and-compressed pulse was character-
ized by using the second harmonic generation (SHG)
frequency-resolved optical gating method (FROG). The
left and right panels in Figure 2(a) display the experimen-
tal and retrieved SHG-FROG spectrograms, respectively;
the latter was generated by using a standard FROG
algorithm87. The retrieved intensity and phase of the
pulse in time and frequency domains are shown in Fig-
ures 2(b) and 2(c), respectively. The full width at half
the maximum (FWHM) of the pulse is 140 fs, as esti-
mated through fitting the profile by a Gaussian function
[Figure 2(b)], and the central wavelength is 1040 nm [Fig-
ure 2(c)].
The frequency up-conversion of the fundamental ω into
the fifth harmonics 5ω is done by using two β-BaB2O4
(BBO) and a LiB3O5 (LBO) non-linear crystals. ω → 2ω
is done by the LBO type I, and 2ω → 4ω is done by
the BBO type I. Finally, 4ω and ω (remainder after the
first BBO) are mixed at the second BBO type I. The
output of 5ω is as high as 0.3 mW. The thicknesses of
the LBO, first BBO, and second BBO crystals are 2.0,
0.1, and 0.1 mm, respectively. The focal lengths of the
lens before the LBO and first BBO are both 30 mm,
while those focusing the 4ω and ω onto the second BBO
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FIG. 2. Laser pulse characterized by the SHG-FROGmethod.
(a) Experimental (left) and typical retrieved (right) SHG-
FROG spectrograms. The FROG error87 of the retrieved
image was 5.34× 10−6. The retrieved intensity and phase
of the pulse in time (b) and frequency (c) domains.
are 75 and 100 mm, respectively. The beam after the
second BBO is split into 5ω (probe) and ω (pump) by
using a dichroic mirror, and the two beams are sent into
the pump-and-probe delay section.
The Yb:fiber laser system is docked to an ultra-high
vacuum (>2 × 10−11 Torr) chamber equipped with a
hemispherical electron analyzer that has an acceptance
angle of ±18◦ along the entrance-slit direction (Scienta-
Omicron, R4000). The analyzer chamber is shared by
a TRPES apparatus based on a Ti:sapphire laser sys-
tem delivering 1.5-eV pump and 5.8-eV probe pulses at
250-kHz repetition25. Because the probe beam of the
Yb:fiber and Ti:sapphire systems happens to fall into the
same photon energy region, the probe beam line is also
shared by both systems. The arrival of the pump and
probe pulses at the sample position is controlled by a
delay stage inserted in the pump beam line. The pump
and probe beams are finally joined at a dichroic mirror,
and directed into the analyzer chamber through a CaF2
window. The spot sizes of the pump and probe beams at
the sample position can be measured and tuned by using
a pin hole located inside the analyzer chamber25.
The oscillator is enclosed in a box having a footprint of
20 × 20 cm2. The amplifier, compressor, frequency con-
verter, and part of the delay stage section are compacted
on a board of 45 × 60 cm2. The fiber laser system was
developed and characterized on a vibration-free table and
then transferred to a table next to the analyzer chamber;
that is, the desk-top-sized laser system is transportable.
B. Space-charge effects and energy resolution
The space-charge broadening is an unwanted effect in
photoemission spectroscopy, and has to be taken care of
particularly when the probe light is pulsed. The flux
of the probe beam has to be lowered until the spectral
broadening becomes sufficiently small. Here, taking ad-
vantage that the apparatus is equipped with both 95-
MHz Yb:fiber and 250-kHz Ti:sapphire laser systems, we
demonstrate that, when using the same amount of the
probing photons per second, the 95-MHz system is less
prone to the space-charge effects compared to the 250-
kHz system. We also describe the energy resolution of
the apparatus.
When comparing the probe power dependency between
the 250-kHz and 95-MHz systems, it becomes important
to keep the conditions other than the repetition rate as
constant as possible. First of all, the probing photon en-
ergy of the fiber-based system is higher only by 0.08 eV
than that of the Ti:sapphire system. Therefore, the varia-
tions between the two setups in the matrix element, prop-
agation velocity of the photoelectron bunch, and spectral
window between the Fermi cutoff and work-function cut-
off (Appendix A) can be regarded as marginal. In both
setups, the spot diameter φ at the sample position was
tuned to 130 µm by utilizing the pin hole attached next
to the sample25. We also quickly switched the system
from Ti:sapphire to Yb:fiber during the measurement in
order to minimize the change of the condition of the sam-
ple surface as well as that of the analyzer. The whole
dataset to be presented in Figure 3 was acquired within
one day. Under these settings, we regarded the photoe-
mission count rate from the gold sample as the measure
of the probe-beam power, or the number of the prob-
ing photons per second, although in arbitrary units; see
below. The data were acquired in a normal-emission ge-
ometry. The probe was s polarized and the incidence
angle was 45◦.
Figures 3(a) and 3(b) respectively show the Fermi edge
of polycrystalline gold recorded at various probe power
values by the 250-kHz and 95-MHz systems. We took
the photoemission count rate at 50 ± 15 meV below the
Fermi level (EF ) as a measure of the probe power that
was typically in the sub-mW range. The edge recorded
by the 250-kHz system [3(a)] broadened and shifted into
higher kinetic energy upon increasing the power because
of the space-charge effects. Apparently, such a shift-
and-broadening is small in the dataset recorded by the
95-MHz system [3(b) and 3(c)]. The results demon-
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FIG. 3. Space charge and mirror charge effects. (a, b) Fermi
edge of gold recorded by the 250-kHz Ti:sapphire (a) and by
the 95-MHz Yb:fiber (b) laser systems at various photoemis-
sion count rates. In (b), some of the spectra are vertically
shifted for clarity. The diameter φ of the probe at the sample
position was set to 130 µm. (c) Enlarged view of (b). (d)
Shifts of the Fermi edge as functions of the photoemission
count rate. The cases for φ = 90 and 130 µm are plotted for
the 95-MHz setup. (e) Fermi edge of gold recorded by the
95-MHz Yb:fiber laser system. The fit (see text) shows the
energy resolution of 11.3 meV.
strate that the space-charge effects are less pronounced
in the high-repetition 95-MHz system. The probe-power-
dependent shifts of the Fermi edge recorded by the 250-
kHz and 95-MHz systems are summarized in Figure 3(d):
The shifts were estimated by fitting the edge by Fermi-
Dirac functions convoluted with Gaussian functions.
We here note that the low probing photon energy of
∼6 eV is advantageous for reducing the space-charge ef-
fects when the number of the photoelectrons consisting
the bunch is concerned. At ∼6 eV, only the electrons
bound near the valence-band maximum can be emitted
as photoelectrons, because the spectral cutoff due to the
work function is located in the valence-band region; see
Appendix A. Therefore, the number of the valence elec-
trons that can be photo-emitted is intrinsically small at
∼6 eV compared to the cases for higher photon energies.
Qualitatively, the suppression of the space charge effects
at low probing photon energy is acknowledged in time-
resolved multi-photon photoelectron spectroscopy13, al-
though quantitative comparison to the present results is
difficult because the photon energy of the pulses as well
as other conditions is different in general.
Looking closer into the dataset recorded by the 95-
MHz system [3(c)], we observe that, upon increasing the
probe power, the edge initially shifts into low kinetic en-
ergies before shifting into high kinetic energies. When
the spot diameter φ was reduced from 130 to 90 µm,
the magnitude of the initial shift into lower kinetic en-
ergies was increased, as shown in Figure 3(d). The shift
into low kinetic energy upon increasing the probe power
is most likely attributed to mirror-charge effects88 that
manifested when the space-charge effects were reduced.
For further discussion, see Appendix A.
We estimate the energy resolution of the apparatus by
recording the Fermi edge of gold. Figure 3(e) shows the
spectrum recorded at T = 5 K. The width of the entrance
slit was set to 0.2 mm. Here, the probe power was re-
duced so that the space- and mirror-charge effects were
small. By fitting the spectrum to a Fermi-Dirac function
convoluted with a Gaussian function, the energy resolu-
tion [FWHM of the Gaussian] was estimated to be 11.3
± 0.3 meV. The energy resolution is comparable to that
of the 250-kHz Ti:sapphire-based system (10.5 meV)25,
whose design concept was to achieve a high energy resolu-
tion by considering the uncertainty principle: A compro-
mise has to be done in the time resolution when pursuing
the energy resolution.
C. Time resolution
We here describe the time resolution of the apparatus.
The resolution can be estimated by performing TRPES
on a highly oriented pyrolytic graphite (HOPG). We uti-
lize the rise of the spectral intensity upon the arrival
of the pump pulse, which occurs quasi-instantaneously
when seen at the ∼100-fs resolution42.
The HOPG sample was cleaved by the Scotch-tape
method (see Appendix B) in a vacuum chamber for sam-
ple preparation. Then, the sample was directly trans-
ferred to the analyzer chamber without exposing the sam-
ple to air. The TRPES dataset was recorded at room
temperature. The delay stage of the pump was repeti-
tively scanned until a sufficient S/N was achieved in the
whole dataset25. Figure 4(a) shows a logarithmic spec-
tral intensity mapped in energy and delay plane. Upon
the arrival of the pump pulse, the spectral intensity is
spread into the unoccupied side, and then shows recov-
ery. In Figure 4(b), we plot the variation of the intensity
in the energy window [0.02, 0.20 eV] as a function of the
5pump-probe delay t. By fitting the temporal profile to
a two-exponential function convoluted with a Gaussian
as done in Ref.42, the time resolution (FWHM of the
Gaussian) is estimated to be 310 fs.
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FIG. 4. Time resolution estimated by TRPES of graphite. (a)
Logarithmic spectral intensity mapped in energy and delay
plane. (b) Spectral-weight variation at [0.02, 0.20 eV] as a
function of delay. The fit (see text) shows the time resolution
of 310 fs.
III. DEMONSTRATION OF TRPES
Bi has played a pivotal role in the history of solid-
state physics, and also continues to attract both scien-
tific and industrial attentions89,90. Being an exemplary
semi-metal, Bi is the first matter whose Fermi surface
was revealed experimentally91. Studies of the ultrafast
phenomena in Bi induced by femtosecond pulses shed
light into coherent oscillations92,93 and ultrafast bond-
breaking dynamics94,95. In addition, Bi single crys-
tals exhibit novel metallic surface states, as revealed
by angle-resolved photoemission spectroscopy (ARPES)
studies96,97. Since Bi is a heavy element, valence elec-
trons are subjected to large spin-orbit interaction that
results in intriguing phenomena: (1) Surface states of Bi
exhibit Rashba-type spin splittings98. (2) Bi adatoms
can turn the surface of an ordinary semiconductor into
exotic metal that shows giant Rashba splittings99–101. (3)
A bi-layer Bi is a candidate of a two-dimensional topolog-
ical insulator, owing to the the band inversion induced by
the spin-orbit interaction102–104. (4) A three-dimensional
topological insulator was realized in Bi alloyed by anti-
mony105, a materials system also well known for its high
thermoelectric performance.
Here, we show TRPES datasets of Bi films recorded
by the apparatus. First, we show the TRPES dataset
of a polycrystalline Bi film at the low pump fluence of
30 nJ/mm2, and demonstrate the high S/N achieved
by the high repetition rate. Then, we show the time-
resolved ARPES (TARPES) dataset recorded on the 111
face of Bi96–98: The surface electrons exhibited a giant
pump-and-probe response, which turned out to be useful
for tuning the spatio-temporal overlap of the pump and
probe beams in real time even when the pump fluence is
as low as 30 nJ/mm2.
A. TRPES of polycrystalline Bi
A polycrystalline Bi film was prepared by evaporating
Bi on a copper plate in vacuum. The TRPES dataset
was recorded at room temperature. The diameter of
the pump and probe beams were 250 and <150 µm, re-
spectively, which were calibrated by using the pin-hole
method25. The pump fluence p was set to ∼30 nJ/mm2.
The dataset were acquired in a normal-emission geome-
try. The probe was s polarized and the incidence angle
was 45◦.
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FIG. 5. TRPES of polycrystalline Bi at the pump fluence
as small as 30 nJ/mm2. (a, b) Spectra recorded at t ≤ 0.56
(a) and ≥ 0.56 ps (b). (c) Pump-induced variation of the
spectral intensity at various energies. The energy window was
set to ±25 meV. Fitting functions (see text) are overlaid. (d)
Decay time as a function of energy. The vertical bars indicate
±1 standard deviation, and the horizontal bars indicate the
energy window of ±25 meV.
Figures 5(a) and 5(b) respectively show the TRPES
datasets of t ≤ 0.56 and ≥ 0.56 ps. Upon the arrival
6of the pump pulse, the intensity in the unoccupied side
increases [5(a)] and then recovers gradually [5(b)]. One
can discern the pump-induced variation in the spectra as
small as 10−5 of the intensity at EF , thanks to the high
repetition rate of the Yb:fiber laser enabling the high S/N
ratio.
Figure 5(c) shows pump-induced variation of the spec-
tral intensity at various energies in the unoccupied side
(E−EF > 0). Clearly, the recovery slows on approach to
EF . The recovery time τ of the carriers is estimated by
fitting the temporal profile at each energy by an exponen-
tial function exp(−t/τ) convoluted by a Gaussian repre-
senting the time resolution. τ as a function of E −EF is
plotted in Figure 5(d). τ increases when E approaches to
EF . We thus succeed in detecting the energy-dependent
carrier dynamics induced by the pump fluence as small
as 30 nJ/mm2.
B. TARPES of Bi(111) grown on graphite
Here we present the TARPES dataset of Bi thin film
grown on a HOPG substrate. Vacuum-evaporated Bi on
the surface of HOPG forms Bi micro-crystals with the
111 face oriented normal to the surface25,106,107. This
enabled us to investigate the pump-induced response of
the Rashba-split surface states on Bi(111)97,98. For the
method to fabricate the thin film, see Appendix B.
TARPES of Bi(111)/HOPG was done at T = 10 K
at a pump fluence of p ∼ 30 nJ/mm2. The upper and
lower panels of Figure 6(a) respectively display TARPES
images and their difference to the averaged image before
pumped. In the images, dispersions of the Rashba-split
surface states are observed around the normal emission
(emission angle 0◦), which is consistent to those pre-
sented in Ref.25. Upon the arrival of the pump pulse,
the spectral intensity is spread into the unoccupied side,
and then shows recovery. The spectra averaged over the
emission-angle region of ±10◦ are shown in Figures 6(b)
and 6(c); the former (latter) adopts linear (logarithmic)
scale in the intensity axis.
The pump-induced variation into the unoccupied side
(Figure 6) is surprisingly larger than that observed on
the polycrystalline Bi film evaporated on a copper plate
(Figure 5). The signal appearing in the unoccupied side
is easily observed in real time on the screen monitoring
the multi-channel plate where the photoelectrons are de-
tected. The large pump-and-probe response of the sur-
face states of Bi(111) is found to be very useful in maxi-
mizing the spatial overlap of the pump and probe beams
at the sample position even when the pump fluence is as
low as∼30 nJ/mm2 (= ∼3.0 µJ/cm2), which corresponds
to the pump power of 140 mW for the 250-µm beam
diameter and 95-MHz repetition. If p could be raised
to ∼50 µJ/cm2, which is a level easily achieved by the
250-kHz Ti:sapphire-based system42, we could have used
the response seen in the spectrum of HOPG as the real-
time monitor for aligning the beams25. However, such a
 
 !"
#$!%&
# !'"
# !$&
# ! "
( ! )
( !*$
( !%'
( !')
( !+$
( !)'
,-./0(1234
# !$   !$
(*!%$
(%!$5
('!$$
("!%"
(+!5)
($ ! 
(*$! 
( !)'
($! $
($!"5
 !* !$ # !$
$ 
#'
$ 
#*
$ 
 
#&  &
 
!
"
!
 
#
(
1
-
6
4
(
789339:;(/;<.-(1=-<>--4
$
 
 !*
# !*
#$!%& # ! "  !%' $! $ *!%$ '!$$ $ ! (23
1/4
 !*
 
?
:
<
(
9
;
@
-
;
3
9
@
0
(
1
/
>
A
!
(
B
;
9
@
3
4
(
C
;
@
-
;
3
9
@
0
(
1
/
>
A
!
(
B
;
9
@
3
4
(
1A4 1D4
 !"! 
#
(1-64(  !"! 
#
(1-64(
FIG. 6. TARPES of highly-oriented Bi(111) grown on
graphite. (a) TARPES images. The upper panels show band
dispersions recorded at various delay-time values, and the
lower panels show the images of the pump-induced difference.
(b, c) Spectra averaged over the emission angle of ±10◦. The
upper and lower panels respectively show the averaged spec-
tra recorded at t ≤ 0.74 and ≥ 0.74 ps. Linear and logarith-
mic scales are adopted for the intensity axes in (b) and (c),
respectively.
high pump fluence is not reachable by the present ∼3-W
Yb:fiber laser system, because it corresponds to the pump
power of&2W. Moreover, such a high load would heat up
the sample. While HOPG is established as the reference
sample for characterizing the pump and probe beams in
the 250-kHz system25, we find Bi(111)/HOPG as a coun-
terpart in the 95-MHz system. Besides, B(111)/HOPG
is easy to fabricate and has high surface stability, as de-
scribed in Appendix B: These characteristics facilitated
us to adopt B(111)/HOPG as the reference sample for
TRPES at low p.
7IV. DISCUSSION
We described the TRPES apparatus based on an all-
solid Yb:fiber laser system delivering 1.2-eV pump and
5.9-eV probe at the 95-MHz repetition. The energy and
time resolutions were 11.3 meV and 310 fs, respectively.
The high repetition as well as the high energy resolution
facilitated us to discern the subtle spectral changes in-
duced by a weak pump pulse, as demonstrated by the
TRPES of polycrystalline Bi film: The spectral intensity
variation of 10−5 to the intensity at EF was detected.
Concerning the investigations into the non-
equilibrated state of solid state matter, the high
repetition in the pump-and-probe method works most
nicely when the pump fluence is low. If a high flu-
ence pump was done at a high repetition, the sample
would suffer from heatings and ablations. The general
perspective is that the high (low) repetition is suited
for investigating the weakly (intensively) pumped
states. Thus, the high-repetition TRPES achieved
by the implementation of Yb:fibers complements the
Ti:sapphire-based TRPES operating at lower repetition
rates. The use of the high-repetition-rate Yb:fiber laser
system resulted in the improved S/N in the TRPES
datasets and expands the pathways to perform TRPES
in the very low excitation limit, the conditions of
which are of major importance for the studies close
to equilibrium that might reveal dynamics otherwise
hidden or masked at stronger excitation conditions. The
setup may be suitable for investigating novel dynamics
mildly induced by a weak pump, such as the oscillations
in superconductors in its superconducting phase57 and
those in cuprates in its pseudogap phase58.
We also demonstrated the compatibility of the Yb:fiber
laser system to the Ti:sapphire-based TRPES. First of
all, the all-solid Yb:fiber laser system is compact and
transportable. This enabled us to set the system next to
the Ti:sapphire laser system. Besides, a variety of optics
components can be shared by the two systems, because
the photon energies of the probes are similar. Moreover,
the methods as well as concepts developed for operating
Ti:sapphire-based TRPES measurements25 were readily
applicable. These include: the pin-hole method for di-
recting the pump and probe beams to the sample position
at a controlled beam size; the method to visualize the
infrared pump and ultraviolet probe beams simultane-
ously; the know-hows to stabilize the laser, temperature,
and sample position; the repetitive delay scanning dur-
ing the data acquisition; and to use not-too-short pulses
to keep a fair resolution in energy. A method developed
uniquely for Yb:fiber TRPES was to use Bi(111)/HOPG
as a reference sample. The giant response of the surface
states on Bi(111) enabled us to cross-correlate the pump
and probe pulses at the sample position in real time even
when the pump fluence was as low as p ∼ 30 nJ/mm2.
We hope that the descriptions would facilitate Yb:fiber
TRPES to be an accessible option to those based on
Ti:sapphire lasers, and would expand the pathways for
investigating the ultrafast phenomena in matter.
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Appendix A: Space-charge and mirror-charge effects
The shift and broadening of the spectrum as a function
of the probing photon flux occur due to the combination
of the space- and mirror-charge effects88. The effects de-
pend on a variety of parameters such as88,108: (1) the
number of the photoelectrons N forming a bunch; (2) the
pulse length; (3) the size and shape of the probe beam;
(4) the energy distribution of the photoelectrons that de-
pends on the valence band structure of the sample and
photon energy of the probe; and (5) the conductivity of
the sample. Concerning the shift, the space-charge and
mirror-charge effects, respectively, cause an upward and
downward shift of the Fermi cutoff in kinetic energy; the
latter occurs because the photoelectron bunch is effec-
tively attracted by its own mirror charge induced in the
metal sample. The dominance of the downward shift of
the cutoff in the low-flux region, as seen in Figures 3(c)
and 3(d), can be understood by considering N → 1: In
the limiting case, there is no space-charge effects but only
the mirror-charge effects. To date, however, only upward
shifts have been reported when the duration of the prob-
ing pulses are in the femtoseconds109,110; downward shift
is reported only when the pulse duration is ∼60 ps88.
Thus, the observation of the downward shift resolves the
mystery why the signatures of mirror-charge effects were
not observed for the TRPES probe in the femtoseconds.
The successful observation presumably owes to the fol-
lowings: (1) The photon energy of the probe is as low
as 5.9 eV, so that only the electrons bound near EF
can contribute to the photoelectrons; that is, N is in-
trinsically small compared to the cases when the probes
have higher photon energies; see Fig. 7. (2) The high
energy resolution of <20 meV and high S/N facilitated
us to discern the downward shift as small as 1 meV. The
observation of the downward shift in femtosecond TR-
PES nicely connects into the regime of mutli-photon pho-
toelectron spectroscopy where the mirror-charge effects
dominate over the space-charge effects111,112 because it
usually deals with very low-kinetic-energy photoelectrons
generated by the low-fluence pulses.
Appendix B: Fabrication of oriented Bi thin film on HOPG
We describe the method to obtain the highly-oriented
Bi(111) micro-crystalline thin film. Vacuum-evaporated
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when the probing photon energy is hνi. Ni increases until
hνi > φw +W ∼ 15 eV is reached (lower two panels; note,
N1 < N2 < N3 = N4).
Bi on cleaved surface of HOPG forms micro-crystals with
the 111 face oriented normal to the surface25,106,107. Be-
cause HOPG consists of micron-sized graphite sheets ran-
domly oriented in plane as shown in Figure 8(a), the
Bi micro-crystals grown on HOPG also have random in-
plane orientation, as we describe below.
First, we obtain a clean surface of HOPG by using the
Scotch-tape method113. The tape attached on HOPG is
peeled off in the vacuum chamber for sample prepara-
tion. The vacuum can be at the level of ∼5 × 10−8 Torr.
In Figure 8(b), we show the snapshots taken during the
removal of the tape. Note, the demonstration is done
in air. To our experience, the tape is compatible to ul-
trahigh vacuum unless baked. The Scotch-tape method
nicely works as long as the cleaving is done around the
room temperature. At cryogenic temperatures, the tape
hardens, so that it becomes less successful to have a good
cleave.
Next, we evaporate Bi on the exposed surface of
HOPG. The evaporator consists of an alumina crucible
heated by a tungsten filament, and is equipped in the
preparation chamber. The typical thickness of the film,
after ∼30-min evaporation, is more than 1000 A˚, as
judged by the color of the copper sample holder deposited
by Bi. The vacuum level can be of the order of ∼5 ×
10−8 Torr during the deposition; that is, an ultra-high
vacuum of .10 −9 Torr is not necessary.
Subsequently, the sample is transferred into the an-
alyzer chamber without exposure to air. Here, we an-
neal the sample following a procedure described in Fig-
ure 8(c). The sample is heated by using a ceramic heater,
whose main usage is to control the temperature of the
sample during ARPES measurements. In Figure 8(d),
we show ARPES images monitored during the heating-
and-cooling sequence. The image recorded on the as-
deposited sample [the left-most column in Figure 8(d)]
already shows bands typical to Bi(111) surface, although
some other features also exist; see later. Upon raising the
temperature across ∼340 K, the bands in the image be-
come sharp, indicating that the film is annealed. Similar
annealing occurs around 340 K in a Bi film deposited on
Si(111)-7× 7 surface114. We heat the sample up to 365 K
to ensure a homogeneous annealing. Then the sample is
cooled down to 305 K. One can see that some features
in the image are removed after the annealing, such as
the band occurring near EF around the normal emission
(emission angle around 0◦). As the sample is further
cooled down to 5 K, the bands in the image become even
more sharp [right-most column of Figure 8(d)].
In Figure 8(e), we show constant-energy maps of the
angular distributions of the photoelectrons emitted from
the Bi film grown on HOPG. A Debye-ring-like distri-
bution is observed in the maps. This shows that the
film consists of Bi micro-crystals whose 111 faces are ori-
ented normal to the surface, while their orientations be-
ing random in plane. The highly oriented structure is
similar to that of HOPG, as shown in Figure 8(a). The
hexagonally-warped band dispersions of Bi(111) are thus
averaged out in the azimuth to result in the ring-shaped
photoelectron distributions in the maps.
We find that the surface of the Bi film thus obtained
is extraordinary stable. The bands in the ARPES image
were observable even after the sample had been kept in
the preparation chamber for two months. Even when the
surface had acquired residual gas in the vacuum cham-
ber at cryogenic temperatures, the sharp bands in the
ARPES image were recovered after raising the sample
temperature to 300 K. However, once the sample was
exposed to air, the bands were not observable any more.
The high stability of the surface, besides the ease
in the sample preparation, make the highly-oriented
Bi(111)/HOPG a convenient reference sample for TR-
PES. We use the TARPES signal of the film when search-
ing for and fine-tuning the spatio-temporal overlap of the
pump and probe pulses at the focal point of the electron
analyzer, as described in Sec. III B.
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